An empirical study is made on the fatigue crack growth rate in ferrite-martensite dual-phase (FMDP) steel. Particular attention is given to the effect of ferrite content in the range of 24.2% to 41.5% where good fatigue resistance was found at 33.8%. Variations in ferrite content did not affect the crack growth rate da/dN when plotted against the effective stress intensity factor range AK~I ~ which was assumed to follow a linear relation with the crack tip stress intensity factor range AK. A high AK~f~. corresponds to uniformly distributed small size ferrite and martensite. No other appreciable correlation could be related to the microstructure morphology of the FMDP steel. The closure stress intensity factor K d, however, is affected by the ferrite content with K,q/Km~,× reaching a maximum value of 0.7. In general, crack growth followed the interphase between the martensite and ferrite.
Introduction
Improved strength and ductility can create a two-phase microstructure in steel. This can be achieved by appropriate heat treatment [1] [2] [3] [4] . Under repeated stresses, microscopic plasticity introduces nonhomogeneity in the dual-phase steel on account of the dissimilar physical/ mechanical properties of the martensite and ferrite in addition to their size and distribution. These effects are reflected through the fatigue crack growth data which are analyzed in this work as the ferrite content and mean stress level are varied.
The data are generally represented by plots of da/dN against AK. Better correlation can be obtained by using the strain energy density factor range AS [5, 6] that accounts for the mean stress effect. An empirical parameter a suggested in [7, 8] is also used as a correction on AS or aAS for representing crack growth rate data.
Description of heat treatment and fatigue tests
Special heat treatments are administered to create different ferrite contents in specimens which are notched for initiating cracks under cyclic loading. Crack propagation data are then taken by varying the mean stress level of the constant amplitude loading.
Heat treatment
Two types of heat treatments are given to the 16 MnR steel in rolled condition with 16 mm thickness so that the ferrite content and microstructure could be varied. The first set of specimens were heated at 780°C, 810°C and 850°C in the two phase region; they are then quenched in brine and tempered at 200 ° C. This batch is referred to A-I, A-2 and A-3 with the corresponding mechanical properties given in Table 1 . Note that the martensite microhardness tends to reduce with the heat treatment temperature. The second batch labelled as B-l, B-2 and B-3 in Table 1 were heated at 1200 °C for diffuse annealing. They were subsequently heated at 93(t °C and then cooled in brine, air and furnace. All of them were heated again to 810 °C followed by quenching in brine and tempering at 200 ° C. Shown in Figs 
Specimen configuration amt load
The dimensions of the test specimen are t40 mm×30 mm×13 mm as shown in Fig. 2 Table 2 .
cycles of loading with a crack growth increment of not more than 0.1 mm; it is defined as
where Kc~ is crack closure stress intensity factor [9, 10] . Shown in Table 3 
Stress intensity/'actor range

Correlation of crack growth rate
Fatigue crack growth data are usually presented by plotting the rate da/dN as a function of a parameter that represents the range of the local stress intensity or equivalent quantity. One of the quantities to be considered is the threshold stress intensity range AKth corresponding to 10 6 Plotted in Fig. 4 (a) are log da/dN versus log AK for R = 0.3 where four different values of AK,h are obtained as given in Table 3 . A slight variation in BK would yield large changes in da/dN. The values of AKth were measured by using load decrease by degrees with ,3K value. This regime is referred to as Stage l crack propagation. Application of eq. (1) The same data could be represented by a single curve with a correlation coefficient of 0.9315 as shown in Fig. 4(b) . Corrections for the crack closure effect tends to increase with decreasing A K. They are shown in Fig. 5 and are in agreement with the results in [11] [12] [13] . A maximum of Kcl/K ..... = 0.7 is obtained for thc A-2 specimen with 33.8% ferrite which has the lowest crack growth rate, Fig. 4(a) . Similarly, the AKtN values for specimens B-l, B-2 and B-3 in Table 3 for R = 0.3 and 0.7 can be obtained by decreasing the applied load amplitude. The stage I crack propa- 
Because (AKeff)th is largest for B-1 in Fig. 6(c) . the same holds for (Kmax)th from eq. (5) One of the obvious deficiencies of da/d& versus JK plots is that the mean stress level is not accounted for. Data would tend to scatter as different R ratios are used. The strain energy density factor range AS [5] [6] [7] [8] fatigue data as given in Tables 4 and 5 Stage H. Even better correlation is obtained if in eq. (7) is included [7, 8] . Particularly noticeable is the data in Figs. 13(a) and 13(b) for the B-1 specimen. The two curves based on AK in Fig.  13 (a) merged into one when they are represented by aAS in Fig. 13(b Electron microphoto in Fig. 17 shows that main crack follows the interphase boundary between the ferrite and martensite. The fracture surface is predominantly quasi-cleavage appearing as martensite platelets while cleavage corresponds to the ferrite shown in the square region identified in Fig. 18 by an arrow. Observed at threshold are small facets about the size of the original austenite grains and parallel striations on the cleavage plateau.
Conclusions
Appropriate heat treatment can be applied to the 16 MnR steel to introduce ferrite and martensite making the steel a two-phase material that would yield high strength, good ductility and better resistance to fatigue. Based on the empirical study, the following conclusions could be made:
• Two sets of specimens were made subjecting them to different heat treatments. The specimen labelled as B-1 was superior to others. • Ferrite contents were found to affect the crack growth rates correlated in terms of stress intensity factor ranges identified with threshold and crack closure. • The strain energy density factor range gave better correlation than the stress intensity factor range where data for different mean stresses collapsed into a single curve where the scatter is limited.
• Local distortion of the material next to the main crack could be measured and introduced into an empirical parameter. It can be used to rank the material ductility as other physical parameters are varied. 
